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The heme-globin complexes of hemoglobin and myoglobin are investigated in positive-ion
mode and negative-ion mode using a nano-ESI source coupled to a quadrupole ion trap MS
and an orthogonal time-of-flight MS. The extent of dissociation of these noncovalent com-
plexes upon collisional activation and thus their gas-phase stability is strongly dependent on
the polarity of the ESI-MS experiment as well as on the charge of the prosthetic group
(ferri-heme [Fe31-heme]1 vs. ferro-heme [Fe21-heme]60). The results clearly point to the
important role of electrostatic interactions on the gas phase stability of noncovalent complexes
and therefore the ion signals observed in ESI-MS experiments. (J Am Soc Mass Spectrom 2001, 12,
1092–1098) © 2001 American Society for Mass Spectrometry
In addition to the application of biological massspectrometry to determine molecular masses and togain structural information by MS/MS, the investi-
gation of supramolecular complexes by electrospray
ionization (ESI) is an expanding new area (for reviews,
see e.g., [1–4]). Since the analytical goal is to determine
the stoichiometry and the complex stability in solution,
careful control of the experimental parameters is
needed to avoid dissociation of the complex upon
transfer from solution to gas phase and within the time
scale of the mass spectrometric analysis. If these re-
quirements are fulfilled, ESI-MS is a powerful tool in
large-scale screening of potential ligand libraries [5, 6]
when not absolute but relative complex stabilities be-
tween a target and several ligands are scope of the
investigation.
However, once transfered to the gas phase, the
stability of the complex may substantially differ from
that in solution. Therefore, “Caution is needed when
interpreting results from ESI-MS experiments” [1] with
respect to the native conformation and to the stability of
noncovalent complexes. Without the shielding effect of
polar solvent molecules, ionic and hydrogen-bond in-
teractions are enhanced, whereas van der Waals inter-
actions become less important. As a consequence, the
stability of some complexes determined by ESI-MS
experiments does not reflect their actual stability in
solution [7, 8]. Moreover, the detection of protein com-
plexes is typically done in positive-ion mode, while
DNA/RNA interactions are inspected in the negative-
ion mode. Especially in the latter case, typical ligands
are positively charged [6] and the resulting complexes
are highly stable in the gas phase [9], pointing to the
strong effect of coulombic stabilization. In one report,
positive and negative ions of several protein-Zn21-
ligand complexes have been investigated showing no
differences in their relative stability for the different ion
polarity [10].
Since the first observations of intact heme-bound
myoglobin by ESI-MS [11, 12], heme globin complexes
as myoglobin, and more seldom hemoglobin, became
common model compounds for fundamental investiga-
tions concerning noncovalent complexes in ESI-MS [13–
21]. In our studies we investigated the effect of electro-
static interactions on the stability (and therefore
detectability in ESI-MS) of heme-globin complexes in
myoglobin and in the subunits of hemoglobin, includ-
ing the detection of negative ions.
Experimental
ESI-MS experiments were performed on a quadrupole-
ion trap (Finnigan LCQ QIT MS, San Jose, CA) and an
orthogonal-acceleration time-of-flight instrument (PE/
PerSeptive Biosystems MARINER oTOF MS, Framing-
ham, MA); its atmospheric pressure-vacuum interface
was modified to a heated transfer capillary setup. In
both types of instruments, desolvation of the ions
generated via ESI was accomplished by thermal activa-
tion in the heated transfer capillary and by collisions
caused by the potential difference between transfer
capillary and skimmer. Ion-activation in order to inves-
tigate the complex stabilities was carried out in different
ways, either by raising the capillary-skimmer voltage
(oTOF and QIT), by skimmer-octapole CID (QIT) and
by CID MS/MS in the QIT.
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Nanospray needles were pulled from borosilicate
glass capillaries (1.2 mm OD, 0.65 mm ID, Clark Elec-
tromedical Instruments, Pangbourne, UK), with a cap-
illary puller (model P-97, Sutter Instrument Co.,
Novato, CA) to a fine tip with a final ID of approx. 1–10
mm and were coated with gold by means of a sputter
coater (model K 550, Emitech, Ashford, UK).
Bovine hemoglobin was purchased from Sigma-Al-
drich Chemie (Steinheim, Germany) and sperm whale
myoglobin from Serva Feinbiochemica (Heidelberg,
Germany). Both analytes were used without further
purification. Analyte solutions in a concentration of
1025 mol/L (referred to the intact complex) were pre-
pared in 10 mM ammonium acetate buffer (pH 7.5).
Partial reduction of the heme group was achieved by
addition of dithiothreitol (DTT, Fluka Chemie AG,
Buchs, Switzerland) in a final concentration of 5 mM
and incubation of the mixture for 30 min at room
temperature.
Results and Discussion
Heme-Protein Complexes in Positive-Ion Mode
In positive-ion mode, carefully-tuned gentle desolva-
tion conditions (capillary temperature 100 °C, capillary-
skimmer and capillary-tube lens voltages , 20 V) allow
the detection of the intact heme bound hemoglobin
tetramer by mass spectrometry in agreement with ear-
lier observations [22, 23, 24]. The intact protein complex
can be observed as the major ion signals in the oTOF
mass spectra, but signals are significantly broadened
due to some unspecific adduct formation (Figure 1a).
Further signals in this mass spectrum correspond to the
(heme-bound) holoforms of the a- and b-subunits,
respectively, and to the heme-bound ab-heterodimer.
In agreement with Loo et al. [25], signals corresponding
to the aa- and bb-homodimers can not be detected,
suggesting that the presence of ab-dimers is due to the
known solution phase dissociation reaction of hemoglo-
bin instead of random gas phase dissociation of the
tetrameric complex [25].
Already slightly more energetic interface conditions
induce the hemoglobin complex to dissociate in the gas
phase. By rising the capillary-skimmer potential differ-
ence or by an increase in transfer capillary temperature
(data not shown) the holo-subunits are the predominant
ion signals. Loss of the heme group is neither observed
from the tetrameric complex nor from the ab-subunits,
indicating that the interaction between the subunits in
Figure 1. Nano ESI oTOF mass spectra (positive-ion mode) of hemoglobin, c 5 1025 mol/L in 10 mM
NH4Ac solution, Tcap 5 80 °C. (a) DUcap-ski 5 7 V; (b) strong collisional activation, DUcap-ski 5 294 V,
insertion: arrows indicate multimer signals after loss of heme.
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the gas phase is weaker than the interaction between
the protein strands and the prosthetic heme group.
It is remarkable that the b-subunit shows up with
distinctly lower signal intensity compared to the a-sub-
unit, even though hemoglobin contains both compo-
nents in equivalent amounts. This finding is consistent
with observations made by other groups [13, 18] and
unveiling the reasons for this behavior was not the
intention of our investigations.
Further increase of ion activation during the desol-
vation process finally leads to collision-induced disso-
ciation of the holo-subunits and generation of the apo-a
and apo-b subunits (Figure 1b). Moreover, a successive
loss of the heme moiety from the remaining quarternary
complexes and the formation of aab- and abb-trimers
(with various numbers of heme attached) is observed,
as shown in the insertion in Figure 1b.
Loss of the heme moiety can also be achieved for
holo-myoglobin ions by the application of harsher des-
olvation conditions in positive-ion mode oTOF MS
(data not shown). For both analytes, hemoglobin and
myoglobin, the signal corresponding to the heme group
appears at a m/z of 616.2 Da, indicating the presence of
ferri heme, a complex between Fe31 and the two-fold
negatively-charged porphyrine system with no contri-
bution of the reduced protonated species as revealed by
the observed isotopic pattern.
Carefully-adjusted desolvation conditions make pos-
sible the detection of the quarternary hemoglobin com-
plex via QIT MS in positive ion mode (Figure 2a). But in
contrast to the observations in oTOF MS the application
of more energetic interface conditions, e.g., an increase
in the transfer capillary temperature to 200 °C, leads
directly to the formation of the apo-subunits (Figure
2b), while the detection of the holo-subunits as predom-
inant species is not possible. Also for myoglobin a
considerably enhanced amount of apo-form compared
to the results of oTOF MS investigations is detected.
The difference between the results of oTOF MS and
QIT MS can be attributed to the relatively long time
scale of mass scans (several milliseconds in the QIT
compared to the ms-time scale in the oTOF) in combi-
nation with the relative high pressure in the QIT (1023
mbar). Thus, already slight activation of ions during the
desolvation step results in complex dissociation. Fur-
thermore, the ions undergo collisions with the residual
helium upon trapping in the QIT MS, which may lead
to the fragmentation of labile compounds, e.g., nonco-
valent aggregates [26, 27]. Nevertheless it is known that
under some conditions holo-myoglobin ions can sur-
vive several minutes in a QIT without fragmentation
[28].
MS/MS investigation on the QIT MS of the remain-
ing holo-subunits of hemoglobin and holo-myoglobin
revealed the known fragmentation pattern according to
[18]:
Figure 2. Nano ESI QIT mass spectra (positive-ion mode) of hemoglobin, c 5 1025 mol/L in 10 mM
NH4Ac solution. (a) Tcap 5 100 °C; (b) Tcap 5 200 °C.
1094 SCHMIDT AND KARAS J Am Soc Mass Spectrom 2001, 12, 1092–1098
~holo 1 nH1!m13 ~apo 1 nH1!~m21!1 1 ferri-heme1
These observations, together with the findings of oTOF
MS give evidence that the prosthetic groups of commer-
cially-available bovine hemoglobin and sperm whale
myoglobin predominantely occur in the oxidized ferri-
form with a total charge state 11 of the entire heme
group.
Heme-Protein Complexes in Negative Ion Mode
Also in negative-ion mode, the intact heme-protein
complexes as well as the intact heme-bound hemoglo-
bin tetramer are detected using gentle desolvation con-
ditions at the oTOF MS. The charge state distribution is
shifted towards lower-charged molecular ions, i.e., the
most intense charge state of the hemoglobin tetramer is
212, while it is 119 in positive ion mode (data not
shown).
Spectra generated on the QIT in negative-ion mode
differ considerably from those in positive-ion mode.
Due to the limited mass range of the QIT, the intact
hemoglobin tetramer cannot be detected. However,
despite application of rather harsh interface conditions
(similar to those applied to aquire the spectra shown in
Figure 2b) the holo-a-subunits are the predominant ions
(Figure 3a), mainly in the charge states 27 to 25. The
signals are again broadened due to unspecific adduct
formation. The b-subunits neither appear in the holo-
nor in the apo-form. Furthermore, it is remarkable that
even under 20 V-skimmer-octapole CID conditions
(Figure 3b) loss of the prosthetic heme group is not
observed to a relevant extent.
Myoglobin investigated in negative-ion mode exhib-
its an identical behavior (Figure 4). Although a certain
amount of apo-myoglobin can be observed in the spec-
tra in the negative-ion mode, no significant further loss
of heme occurs under CID conditions which lead to
immediate and complete fragmentation of the complex
in positive-ion mode.
Consequently, the holo-forms of the hemoglobin
a-subunit and myoglobin exhibit a considerably en-
hanced gas-phase stability in the negative-ion mode
compared to the results in positive-ion mode. Consid-
ering that in the negative-ion mode the protein chain
carries 6 to 8 negative charges and the ferri-heme is
bound in the total charge state 11, strong Coulomb
attraction should contribute to the complex binding
strength in the absence of polar solvents, i.e., in the gas
phase. This explanation does not necessarily require
that the heme group has to remain in the biologically
relevant binding pocket of a folded protein. In contrast,
it is possible that the prosthetic group is removed from
this specific binding site, but still remains close to the
negatively-charged protein chain. These unspecific ion-
ion interaction should also be rather strong.
Upon addition of DTT to the analyte solution, partial
reduction of the Fe31 in the ferri-heme group occurs. As
hemoglobin does not contain any disulfide bonds
which would also be reduced under these conditions
Figure 3. Negative-ion mode QIT mass spectra of hemoglobin. (a) Tcap 5 200 °C; (b) Tcap 5 200 °C
and 20 V skimmer-octapole CID.
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[29], it can be assumed that the protein tertiary structure
remains unchanged.
The generation of ferro-heme (containing a Fe21) is
monitored by the mass spectra obtained in positive-ion
mode by oTOF MS, showing an additional signal for the
(ferro-heme 1 H)1 ion at m/z 617.2 Da beside the
ferri-heme signal at m/z 616.2 Da (Figure 5a, b for
myoglobin). Because of differences in their ionization
efficiency, the ratio between ferri-heme (a pre-charged
species) and ferro-heme (a protonated species) ob-
served in the mass spectra may differ from the actual
ratio of both compounds in solution. However, evalu-
ation of the ion-signal ratio allows one to qualitative
describe the reduction process.
In order to determine the relative amount of reduced
ferro-heme detected in the mass spectra, the theoretical
isotopic abundances of different mixtures of ferro-heme
and ferri-heme were calculated by means of a suitable
software (IsoPro Isotopic Abundance Simulator V. 2.1,
M.W. Senko, Tallahassee, FL) and fitted to the experi-
mental results. Thus, the extent of ferro-heme was
determined to be 47%. Consequently, the analyte solu-
tion after incubation with DTT contains a relevant
amount of protein complexes with the heme group in
the charge state 60.
The corresponding QIT mass spectra in negative-ion
mode now exhibit obvious differences, whereas spectra
in positive-ion mode remain similar to the results
shown above. For hemoglobin in negative ion mode
under interface conditions similar to those in Figure 3a
the spectra now exhibit a strong signal for the apo-a-
subunits, their abundance can be further increased by
the application of 10 V skimmer-octapole CID (Figure
6). An identical behavior can be observed for partially-
reduced myoglobin.
While the heme-protein-complexes of hemoglobin
have similar stabilities in solution in the ferrous state
(containing a Fe21 ion) and the ferric state (containing a
Fe31 ion) [30], reduction of the prosthetic group to
ferro-heme considerably changes complex stability in
the gas phase. This can be attributed to the fact that the
prosthetic group is now uncharged while the protein
chain still carries several negative charges, thus Cou-
lomb interactions are altered. Consequently, if the heme
is removed from his specific binding site by collisions in
the gas phase, additional stabilization due to unspecific
ion-ion attractions cannot occur any longer in the case
of reduced ferro-heme. Fragmentation of the holo-
subunits into their apo-forms is enhanced and signals
corresponding to the apo-forms are detected in the
mass spectra.
Conclusion
The results presented above clearly indicate the impor-
tant role of electrostatic interactions on the gas-phase
stability of noncovalent complexes. The observations
made in investigation of hemoglobin and myoglobin
Figure 4. Negative-ion mode QIT mass spectra of myoglobin. (a) Tcap 5 200 °C; (b) Tcap 5 200 °C and
20 V skimmer-octapole CID.
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Figure 5. Positive-ion mode oTOF mass spectra of the heme group (myoglobin, capillary-skimmer
CID). (a) 10 mM NH4Ac; (b) after incubation with DTT.
Figure 6. Negative-ion mode QIT mass spectra of hemoglobin after incubation with DTT. (a) Tcap 5
200 °C, (b) Tcap 5 200 °C and 10 V skimmer-octapole CID.
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cannot be explained by the known solution phase
chemistry of these compounds. A strong dependence
on the effect of charge of the prosthetic group and the
respective protein chains can be observed, giving strong
evidence that stabilization of the gas phase complexes
by electrostatic forces has a significant influence on the
ion signals detected by ESI-MS. Again these results
substantiate the important role of coulombic stabiliza-
tion of complexes in the gas phase.
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